ABSTRACT: Low-cost antireflection coatings (ARCs) on large optical surfaces are an ingredient-technology for high-performance solar cells. While nanoporous thin films that meet the zero-reflectance conditions on transparent substrates can be cheaply manufactured, their suitability for outdoor applications is limited by the lack of robustness and cleanability.
T he reduction of light reflected off surfaces by antireflection coatings (ARCs) is well established and routinely used for eye glasses and high-performance optics. It typically relies on the tuning of thickness and refractive index of an ARC so that light reflecting off the two film surfaces interferes destructively, schematically shown in Figure 1b . This involves two wellknown principles: (1) For a given wavelength λ and angle of incidence, the required optical thickness of the ARC must be λ/ 4, and (2) the amplitude matching of the two reflected beams requires an effective refractive index of the ARC (n AR ), which is the square-root of that of the optical substrate. 1 For most optical substrates with refractive indices of around 1.5, the latter requirement implies unrealistically low values of n ar ≈ 1.22. This conundrum is often solved by introducing suboptical porosity into the ARC. The effective refractive index is then a direct consequence of the material-air composite and can be approximated by effective medium theories such as the Bruggeman model. 2, 3 Mesoporous optical coatings have been realized by polymer phase separation on the sub-100 nm scale with subsequent removal of one of the phases. 4, 5 Other solution-based methods include the fabrication of nanoparticle films by random dense packing 6 or electrostatic attraction, 7 as well as the controlled assembly of charged colloids, 8 hollow 9 or mesoporous 10 silica spheres or polyelectrolyte multilayers.
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Vacuum-based fabrication approaches are typically relying on glancing angle chemical vapor deposition. 12 An alternative concept to antireflection takes inspiration from the nanostructured topography of the corneal lenses found in moth eyes. 13 As the structural features of the hexagonally arranged pattern of conelike protuberances are below the diffraction limit, the surface appears to have a continuous refractive index gradient between air and substrate that practically removes the optical interface. This was first realized in a photoresist structure by lithographical means. 14 Recently, similar structures have been achieved on glass substrates by nanoimprint lithography 15 as well as reactive ion etching with metal-particle 16 or colloidal-based 17 photolithographic masks. Although the optical principle is auspicious, experimental realizations are elaborate and currently can not compete with interference based approaches. 18 While many experimental approaches have yielded researchgrade nanostructured ARCs that are close to perfection, 19, 20 their commercial implementation is hampered by their lack of robustness and the optical variability caused by contamination. Overcoming these two problems unfortunately leads to opposing requirements. Tough transparent materials (such as oxides and fluorides) have high surface energies giving rise to rapid pore filling by ambient organic contaminants, thus causing a deterioration of the AR effect. Porous low surfaceenergy organics, on the other hand, are mechanically fragile, and organic monolayers covering inorganic networks are not UV-stable.
Low-surface energy or superhydrophobic surfaces are selfcleaning in a sense that particulate contaminants adhere only very weakly and are easily washed off by water. The most commonly used route to introduce superhydrophobicity in ARCs is through silanization of the respective inorganic nanostructured coating. 21−23 Other approaches include the use of organically modified silica 24, 25 or a postdeposition of PTFE. 26 On the contrary, photocatalytic ARCs do not rely on a cleaning medium, but decompose organic contaminants by light induced redox-reactions. 27 While photocatalytic selfcleaning is in principle more robust and durable, the inclusion of a photocatalytic component in ARCs, typically TiO 2 , poses a major challenge because of its high refractive index (n TiO 2 > 2.5 28 ). Concepts to overcome the conflicting requirements for low refractive index and high photocatalytic activity include the surface coating of a colloidal-based ARC with TiO 2 , 29 the codeposition of TiO 2 and SiO 2 nanoparticles to form a porous ARC, 7 the synthesis of SiO 2 /TiO 2 core−shell particles, 30 as well as a double layer structure of low refractive index SiO 2 and TiO 2 .
31−33 All of these approaches achieve the required porosity with n ar ≈ 1.22 only for very low TiO 2 loading and require processing temperatures of above 400°C, which prevents their use on transparent plastics.
Here, we present a concept that combines antireflection and photocatalysis. It relies on the manufacture of a robust highly porous silica-based network with an effective refractive index much below the required value of around 1.22. This enables the incorporation of TiO 2 nanocrystals into the network to an extent that restores n ar to its optimum. Furthermore, working with preformed TiO 2 nanocrystals removes the requirement for high-temperature treatments to crystallize the oxide. Our method makes use of a high-molecular weight poly(isopreneblock-ethylene oxide) (PI-b-PEO) block copolymer (BCP) in combination with silica-based sol−gel chemistry and anatase TiO 2 nanocrystals. In the right solvent, here in an azeotrope of toluene and 1-butanol, PI-b-PEO forms micelles with PI-cores in solution, which gives rise to a nanoscopic inverse opal-type structure of densely packed pores in a silica/TiO 2 matrix after solvent evaporation, sol−gel condensation, and removal of the polymer host. Robust continuous inorganic films of aluminosilica (referred to here as "silica") with n ar as low as 1.13 were obtained, allowing the incorporation of up to 50 wt % photocatalytic TiO 2 nanocrystals while maintaining optimal AR properties. The resulting films have excellent photocatalytic properties and, because of their low processing temperatures, can be deployed on flexible plastic substrates. , 31.2 wt % PEO, PDI = 1.09). A sol was prepared separately by the stepwise hydrolysis of a silicon/aluminum alkoxide mix. 34, 35 TiO 2 nanocrystals were synthesized via a nonhydrolytic sol−gel chemistry route 36 which was modified to compatibilize the nanocrystals with the solvent mixture used to dissolve the polymer and sol. 37 The components were subsequently combined with varying amounts of TiO 2 , which led to a hybrid solution that was processed into a thin film. Following temperature annealing to condense the inorganic matrix, the organic components were removed by reactive ion etching in an oxygen plasma. See Supporting Information for full experimental details. Figure 2 shows the resulting porous inorganic films. The network morphologies in the scanning electron micrographs reveal their likely origin. The well-defined pore size and the local hexagonal arrangement are reminiscent of an inverse opaltype structure. The evolution of this morphology probably involved the formation of BCP micelles in solution, which during solvent evaporation self-assemble into an opal-type morphology consisting of a PI core and a sol-containing PEO matrix. The condensation reaction and polymer removal then gave rise to the porous network structure shown in Figure 2 . In related studies on PI-b-PEO assembled TiO 2 networks, we have recently shown that pore interconnectivity can extend to micrometer thicknesses. 38, 39 Since the micellar size is determined by the polymer architecture, a variation of the organic-to-inorganic volume (or weight) fraction allows fine-tuning the porosity, while affecting the pore size only very little. The effect of a variation of the mixing ratio on porosity is shown in Figure 2a −c, where the polymer loading was increased from 28 to 50 wt %. The weight percentages are defined as the BCP weight fraction relative to the total weight of utilized polymer and resulting silica-type material. The pore size of the inorganic network can be separately controlled by varying the molecular weight of the sacrificial PI block. Figure 2d shows the morphology of the film with similar inorganic loading as in Figure 2c but an increased molecular weight of the PI block. While a PI molecular weight of 24.8 kg/ mol in BCP-34 led to a pore size of ∼33 nm (Figure 2a-c) , increasing the PI block to 63.2 kg/mol (BCP-92) resulted in ∼53 nm-wide pores. This is in good agreement with scaling laws governing the radius of gyration of polymer chains in a good solvent. 40 The pore interconnectivity arising from the close-packing of sacrificial micelles can be clearly identified. See also Figure S1 in the Supporting Information.
Spectroscopic ellipsometry of the resulting films shown in Figure 2e , reveals the consequence of the variation in porosity of Figure 2a−d. Adjusting the polymer weight fraction in the initial solution from 28 to 67% resulted in a refractive index range of 1.40 > n ar > 1.13 (λ = 632 nm). Following the Bruggeman effective medium approximation, a quasi-linear relationship between the polymer weight fraction, the resulting pore volume and hence the corresponding refractive index is expected. 3 While the measured refractive index scales nearly linearly up to polymer content of ≈50 wt %, n ar levels-off for high organic contents. This is probably related to progressive shrinkage of the film with increasing polymer loading. An organic weight fraction of 50% effectively corresponds to a polymer volume fraction of ∼67%. At these high polymer volume fractions, a certain densification of the inorganic network during processing and polymer removal is likely. Despite this apparent compaction, an increase in the polymer volume fraction up to 66% led to a continuous decrease in the film refractive index down to n ar = 1.13
The lowest obtained refractive index n ar = 1.13 for a silica network (n = 1.52) corresponds to a porosity of 73%. In conventional approaches, porosity arises from the interstitial space between high refractive index components, such as silica nanoparticles or colloids. The jamming of monodisperse spheres limits the achievable porosity to 36−38%. 41 A further increase in pore volume can be realized by the introduction of a sacrificial spacer material with reported values of 50−60%. 42 Using the present route, porosity generation is different since the pores arise from sacrificial micelles and not from the close packing of high refractive index components. The inorganic material resides in the hydrophilic outer layer of the micelles and is coassembled in an inverse opal-like geometry. The morphology therefore represents the densest packing of spherical pores, which allowed us to reach porosities as high as 73% after BCP removal. In contrast to a previous BCP route yielding porosities up to 66%, 43 our method is robust, scalable, and allows precise adjustment of pore size and concentration by controlling the place-holder micelles formed in solution.
Carefully tuning the refractive index to n ar = 1.22 and the film thickness to 110 nm resulted in ARCs of high optical quality with light transmittance T up to 99.9% at 540 nm (see Figure  4a) . The transmission spectrum is very similar to that of a polymeric adhesive ARC named "Arktop" (Asahi Glass), the current benchmark, which achieved a similarly high peak value of T max = 99.5% but in a more limited spectral range ( Figure S4 in the Supporting Information).
Adsorption of organic contaminants from the ambient atmosphere typically deteriorates the performance and longterm usability of mesoporous ARCs, particularly in outdoor applications. TiO 2 -based photocatalysis can be used to degrade the adsorbed hydrocarbons and restore the antireflective properties. In several previous studies, the amount of TiO 2 that could be added to the ARC was small because of the resulting increase in refractive index. 7, 29, 31, 33 To improve the photocatalytic efficiency, we make use of the exceptionally low refractive index of our ARCs to maximize titania loading. Crystalline 4 nm sized TiO 2 nanocrystals were synthesized using a nonhydrolytic sol−gel chemistry route 36, 37 and added to the sol solution. The direct incorporation of crystalline TiO 2 from solution has two advantages: (1) no hightemperature step during film deposition is necessary to crystallize the TiO 2 , and (2) well-defined photoactive TiO 2 hot-spots are formed within the network. While a posttreatment of ARCs with TiO 2 precursor results in additional deposition of material, the present route enables TiO 2 incorporation into the porous network itself.
The distribution of the nanocrystals within the mesoporous network was studied by transmission electron microscopy. The images presented in Figure 3a ,b of two different pore morphologies show well-dispersed 3−4 nm-wide nanocrystals, and no aggregates were detected. This is supported by a Scherrer analysis of the X-ray diffraction [101] anatase peak, giving a crystal size of 3.5 ± 0.2 nm (see Figure S2 in the Supporting Information). Figure 3c shows the variation of the ARC refractive index as a function of the weight fraction of TiO 2 nanocrystals in the initial hybrid solution (λ = 632 nm). The increase in refractive index scales with TiO 2 content and is in agreement with the Bruggeman effective medium approximation. 2, 3 Starting from a refractive index of ∼1.13 for a neat mesoporous silica network, n ar increased to 1.19, 1.22, and 1.26 for TiO 2 weight fractions of 25.0, 37.5, and 50.0% in the initial solution. Thus, because of the ∼73% porosity of the inorganic network, up to 50 wt % aluminosilicate can be substituted by high refractive index TiO 2 while achieving sufficiently low refractive indices for optimized ARCs.
The optical properties of the fabricated photocatalytic ARCs based on BCP-34 are shown in Figure 4 . Substituting 50 wt % aluminosilicate by photocatalytic TiO 2 nanocrystals results in T max = 99.3% through a glass slide coated on both sides with an ARC (Figure 4a) . The low-temperature ARC protocol enables the coating of flexible plastic substrates such as PET (polyethylene terephthalate), typically used in organic solar cells and flexible flat panel displays. 44 In Figure 4b , we present the reflectance of a PET foil that was AR-coated on one side (PET-1s) as well as an uncoated reference (PET-0s). The reflectance of an uncoated (A) and a coated PET interface (B) follow from R PET−0s = A + ((1 − A) × A) and R PET−1s = B+ ((1 − B) × A). The spectral traces are indicative of an ideal broadband antireflective response with a reduction in reflectance of up to ∼5.2% for each coated surface, resulting in reflectivities as low as 0.2%. The high optical quality of the ARCs is also translated into near optimum transmittance of PET with singlesided coating, shown in Figure S4b in the Supporting Information. While ARCs on PET and other flexible substrates have been demonstrated 9, 45 and photocatalytic self-cleaning on PET substrates has been shown, 46 a solution of combining AR with photocatalysis does not exist.
The self-cleaning effect of photocatalytic TiO 2 surfaces is based on the absorption of ultraviolet light in the TiO 2 . Some of the photoexcited charge carriers react with atmospheric oxygen to form radicals, which degrade nearby organic molecules. This so-called "cold combustion" mechanism enables self-cleaning through the conversion of organic pollutants to carbon dioxide, water, and mineral acids. 27 As TiO 2 only absorbs in the spectral range λ < 375 nm (E gap ∼ 3.3 eV 28 ), it is important to closely mimic solar irradiation (AM 1.5) in the ultraviolet frequency range. This was achieved by a xenon lamp that was calibrated to match the intensity of ambient solar power in this spectral window (see Supporting Information).
The high photocatalytic efficiency of a BCP-34-derived ARC containing 50% TiO 2 is qualitatively demonstrated in Figure 5a . A fingerprint applied to the surface completely disappeared after AM 1.5 irradiation for 2 h. Quantitative studies often use stearic acid, which readily assembles in a homogeneous layer onto inorganic surfaces, as an organic marker to monitor the photocatalytic performance of self-cleaning surfaces. 27, 47, 48 Its decomposition can be monitored by Fourier transform infrared spectroscopy (FTIR). Figure 5b shows the decomposition of stearic acid adsorbed on a BCP-34-derived ARC containing 50% TiO 2 . The integrated 2923 and 2853 cm −1 FTIR absorption peaks, stemming from symmetric and asymmetric C−H stretching of CH 2 , respectively, were monitored as a measure of the stearic acid stability on the ARC surfaces. A rapid decay with irradiation time is apparent (see also Figure S7 in the Supporting Information). The decrease in stearic acid absorbance versus irradiation time is shown in Figure 5c ,d for all samples. The intensity decrease can be fitted by a linear decay, and thus exhibits zeroth-order reaction characteristics. Samples derived from BCP-34 had rate constants of 0.36, 3.71, and 5.10 × 10 13 molecules/min for 25.0, 37.5, and 50.0 wt % TiO 2 loading, respectively. ARCs with larger pores exhibited rate constants of 0.36, 1.54, and 3.12 × 10 13 molecules/min for the three loading percentages.
Two clear trends emerge. First, increased TiO 2 loading led to accelerated stearic acid decomposition in both sample series. Second, ARCs with smaller pores (∼33 nm) outperformed ARCs with larger pores (∼53 nm). This behavior can be linked to the random distribution of TiO 2 nanocrystals in the silica matrix of Figure 3 . Both, an increase in TiO 2 loading and a reduction in strut diameter, lead to an increase in the number of nanocrystals that are located close to the strut surface and are therefore photocatalytically active. An overview of the photocatalytic decomposition rates is shown in the Supporting Information.
Stearic acid decomposition under solar irradiation was also investigated for pure silica ARCs. No decrease in FTIR absorbance was observed after 3 h of irradiation, indicating that stearic acid decomposition arises exclusively from the photocatalytic activity of the TiO 2 nanocrystals. Commercial selfcleaning (but reflection-enhancing) Pilkington "Activ" glass showed a much weaker photocatalytic degradation of stearic acid with a reaction rate constant of 0.15 × 10 13 molecules/min. The deposition of self-cleaning ARCs on flexible PET in lowcost, large area roll-to-roll fabrication techniques 44 is promising, but long-term stability and robustness often limit their usefulness in commercial applications. In particular for outdoor applications (e.g., photovoltaics), UV-degradation of PET has been a core challenge. Commercially available UV-stabilized foils rely on bulk doping with UV-absorbers, which has limitations in thermal stability and dopant spectral matching. Ideally, UV light should be absorbed by a coating rather than entering the plastic substrate.
UV-stability tests were carried out by exposure of ARCcovered PET to UV irradiation of 48 000 J/cm 2 in the 315−405 nm spectral range, corresponding to a mean UV exposure of 26 months in Central Europe. Figure 5e and Supporting Information Figure S9 show that the transparency of ARCcoated films remained stable, while an uncoated reference showed a degradation in optical properties by over 12%. This is a strong evidence that these ARCs are effective not only in terms of their antireflection and self-cleaning properties but also provide long-term UV protection.
A further important aspect is robustness against mechanical impact.
50 Scratch tests comparing ARC-glass substrates with the only commercially available reference, where self-cleaning is based on superhydrophobicity and not photocatalysis, are shown in the Supporting Information. Our prototypes outperformed the commercially reference, maintaining the self-cleaning effect, which is lost in the case of super- hydrophobic coatings upon surface damage. On PET substrates, the ARC acts as a protective coating against mechanical impact, increasing the critical force for surface damage by a factor of 2.5.
In conclusion, we report the manufacture of a highly porous ARC with high TiO 2 -nanoparticle loading that combines excellent optical antireflectivity with efficient photocatalytic activity. Our strategy relies on the assembly of high molecular weight BCP micelles that assemble into a sacrificial opal-type structure. After solidification by a sol−gel condensation reaction, this gives rise to a silica network with porosities of up to 73%. This enabled the addition of high weight fractions of TiO 2 nanocrystals without compromising the refractive index required for high performance ARCs. The combined AR and photocatalytic properties should substantially improve the longterm optical properties of porous ARCs, or even remove applied contaminants such a fingerprints. The low-temperature ARC processing enables the coating of flexible plastic substrates, paving the way for low-cost large area ARC manufacture.
